Wellbore integrity is a critical component of long-term carbon storage. Depleted reservoirs that are potential CO 2 storage sites, typically contain several wells. Due to years of operations and abandonment, these wells can have cracks in the cement, cement-casing interface, and/or cement-formation interface. During CO 2 injection, changes in temperature may result in stress variations that can further damage the well, threatening its integrity. The temperature difference between the cold injected CO 2 and warm reservoir, and different thermal properties for the wellbore casing, cement, and the lithology, will stress the near wellbore environment, potentially extending pre-existing defects creating leakage pathways from the storage reservoir to the overlying strata. We have conducted a systematic numerical study to explore the role of CO 2 injection temperature, downhole effective insitu horizontal stress, and the thermo-mechanical properties by coupling a linear elastic stress model with heat conduction. We consider conditions in non-perforated casing above the injection zone where conductive heating is dominant. The injection temperatures considered covers current industrial practice as well as sub-zero temperatures. The latter represents direct injection following ship transport, without pre-heating.
Introduction
Carbon Capture and Storage (CCS) is a key mitigation strategy to help meet international greenhouse-gas reduction targets (Haszeldine, 2009; Herzog and Golomb, 2004 ). An effective method of long-term storage of CO 2 is to inject it into underground saline or depleted oil and gas reservoirs through wells. However, without proper care, injected CO 2 may find leakage pathways out of the reservoir, affecting the surrounding environment and ultimately re-emerging into the atmosphere. Preventing leakages from wells is crucial to establish long-term storage of CO 2 (Viswanathan et al., 2008; Carroll et al., 2014) .
Maintaining long-term well integrity is challenging due to the complex geochemical and geomechanical interactions between subsurface fluids, wells, and reservoir materials, combined with the elevated temperatures and pressure found at depth (Zhang and Bachu, 2011; Carey, 2013; Carroll et al., 2016) . Well barrier materials, the casing and cement, provide mechanical stability and hydraulic sealing that prevent fluid migration. Damage to well barrier materials can result in a loss of well integrity, allowing leaks to occur.
Thermal loading, especially repeated thermal loading, of wells is a potential source of failure in well barrier materials. In particular, CO 2 injection wells are often subjected to large temperature variations arising from differences between the injected fluid temperature and that of the surrounding rock. The CO 2 temperature may vary between 1 . Before the injection, the CO 2 is usually heated to a temperature above sea temperature (∼4.5°C). These CO 2 temperatures, typical for different transportation options, are much lower than the formation temperature. The temperatures of CO 2 storage reservoirs in United States, Canada, and Algeria at different depths (1-3.2 km) can vary between 50-200°C (Karamalidis et al., 2012) . Consequently, injection of much colder CO 2 causes the temperature of the near-wellbore region to fall. During breaks in injection due to shut-downs or well servicing, heat from the host rock will cause the wellbore temperature to rise again. These perturbations in temperature induce stress in the wellbore materials, which in turn reduce the critical pressure needed to initiate fractures (Luo and Bryant, 2011) .
Experimental studies have attempted to replicate thermal effects by applying mechanical loading, such as metal rings (Boukhelifa et al., 2004) , hydraulic presses (Teodoriu et al., 2013) and pressure-cycling cells (Shadravan et al., 2015) . Radial cracking perpendicular to the applied stress and disking failures with increased number of cycles were observed. One obvious limitation of these studies is the lack of a correlation between the mechanical loading in the experiment and the corresponding temperature perturbation required to create the observed damage. Furthermore, the thermal properties of the materials and the interfaces, which may play an important role in variation of thermal stresses, are not considered.
Instead of mimicking the thermal effects by mechanical loading, several researchers used thermal platforms to study the effects of thermal fluctuations in a more controlled manner. Carpenter et al. (1992) used a thermal shock apparatus to evaluate the cement bond strength at elevated temperature and pressure. Their thermal shock testing showed that sudden temperature reductions in casing can decrease the cement bond strength by as much as 69%. Recent experiments by Albawi et al. (2014) and De Andrade et al. (2014) studied thermally induced stresses using a thermal platform. They applied cyclic thermal loading on a downsized wellbore sample to study how annular cement integrity varies as a function of time and temperature. Their results showed that the pre-existing cracks in the samples can extend during thermal cycling operations. Experiments conducted by Todorovic et al. (2016) on similar downscaled well section revealed that extreme cooling can create radial fractures upon freezing the pore water. It was also found that the thermal and mechanical properties of cement defects are crucial for accurately predicting the effect of thermal cycling . For example, damage introduced by the defects in cement can be minimized by using a lower stiffness and/or high thermal conductivity cement. Gomez et al. (2017) used an experimental wellbore mock up to investigate the effect of confining stresses on microannuli between the cement sheath and steel casing. Using two microannuli joints with initial apertures of 136 μm and 19 μm, they found that the hydraulic aperture decreases monotonically and non-linearly with the increase in confining stress.
In addition to the experimental work, the role of thermal stresses during CO 2 injection has been studied numerically. Thiercelin et al. (1998) used a linear elastic model to assess the mechanical response of set cement in a cased wellbore subjected to thermal perturbations. They concluded that cement failure and debonding can be avoided by choosing appropriate thermo-elastic properties of wellbore materials, which play a significant role in determining the stress state. Luo and Bryant (2011) described a simplified model for heat transfer in the wellbore, showing that thermal stress is high for commercial scale injection and hence should not be ignored. Their analysis also showed that due to the difference in mechanical properties, the thermo-elastic stress in a shale caprock can be twice as high as that in sandstone storage aquifer. Preisig and Prévost (2011) used a coupled multi-phase model to study the thermo-poromechanical effects of CO 2 injection at In Salah, Algeria. Their study revealed that the temperature difference between the injected CO 2 and the reservoir can reduce the compressive stresses and even create tensile stresses due to the inability of the rock to contract freely, leading to creation or re-opening of fractures. Using the geomechanical properties and in-situ stresses of Krechaba field (In Salah, Algeria), Gor and Prévost (2013) showed that when CO 2 is injected at 90°C (the reservoir temperature), the stresses remain compressive preventing wellbore failure. However, when the injection temperature is 40-50°C, the stresses inside the caprock near the injection well may become tensile and even overcome the tensile strength leading to failure of the caprock within 10 years. Asamoto et al. (2013) performed a numerical case study on the possibility of cement cracking and microannuli creation at the well material interfaces by using a classical thermo-mechanical finite element model. They found that the risk of compressive failure and tensile cracking inside the cement is small in the absence of large casing eccentricity or initial defect inside the cement. Multistage finite element model was used by Nygaard et al. (2014) and Weideman (2014) to evaluate the wellbore leakage risk in the Wabamun area. They reported that the near-wellbore stresses can be reduced by thermal cooling thereby posing a higher risk of debonding and tensile failure, particularly for cement with high elastic modulus and Poisson's ratio. Lavrov and Torsaeter (2016) conducted finite element simulations to study the effect of casing temperature change for different combinations of thermal expansion coefficients of wellbore materials. They observed large increase in tensile radial stress during cooling for cases where the casing thermal expansion coefficient is higher than those of cement and rock. They also showed that cement with low elastic modulus (i.e. soft cement) and high tensile strength upon hardening can be beneficial for preventing thermal failure. However, these two desirable properties do not always coincide. Recent work by Lavrov (2017) emphasized that to get the full advantage of soft or flexible cement in CO 2 injection wells it should always be set against stiff rocks with high elastic modulus. Cement sheath failure analysis for varying thermo-mechanical properties of casing-cement-formation well section was performed by De Andrade and Sangesland (2016) . Although they identified the elastic moduli of cement and formation as the key physical properties for the failure mechanism, they concluded that thermal loading and unloading are relatively less sensitive to the elastic modulus and thermal properties such as thermal expansion coefficient can be important for these scenarios. Aursand et al. (2017) used a coupled two-phase flow model and radial heat transfer model to simulate CO 2 injection cycles that may occur during a ship-based North sea storage scenario. Based on their results, they concluded that the loss of well integrity can be minimized by carefully choosing the injection parameters such as injection temperature, injection rate, and the duration of planned shut-down. Roy et al. (2017) studied the effect of cooling rates, and showed that the stresses generated by thermal loading or unloading depend on both temperature difference of the material from its initial undeformed state and the spatial gradient of temperature.
Thermal stress induced damage in cement sheath can exhibit different types of failure. Radial cracking is likely to occur in the absence of confining stress due to the thermal expansion of wellbore materials during the heating stage (Roy et al., 2016) . Conversely, the thermal contraction of the materials during the cooling stage may result in interfacial debonding (Roy et al., 2016; Lavrov and Torsaeter, 2016) . Both of these failures correspond to tensile failure mode of the material. Shear failure may also occur if the compressive stresses are high enough during the heating stage (De Andrade and Sangesland, 2016) . Typically, thermal stress induced failure is evaluated by comparing the stresses inside a material with its strength. This method works well for studies where it is assumed that no pre-existing cracks are present in the materials. However, for pre-existing cracks the theoretical stress field at the crack tip becomes infinite as the stress field around the crack is 1 Optimal conditions for ship transportations are achieved by pressurizing CO 2 close to the triple point at −52°C and 0.65 MPa, producing a liquid density of 1100 kg/m 3 (Aspelund et al., 2006) . inversely proportional to the square root of the distance from the crack tip (σ ∝ r −1/2 ). Consequently, the above failure criterion will not work for analyzing the stress state around pre-existing cracks. In this paper, we avoid this problem associated with this mathematical singularity in the stress field by using stress intensity factor which characterizes the magnitude of the stresses near the crack tip region. The failure criterion based on stress intensity factor compares its value with the fracture toughness of the material. Although experimental studies (Bachu and Bennion, 2009) suggested that the pre-existing mechanical defects such as radial cracks in the cement or annular spaces at the cement-casing interface can significantly increase the effective well permeability, very few studies have tried to address this issue during thermal loading or unloading. Our work is an attempt to reduce this gap in our understanding of the impacts of thermal and far-field stresses on well integrity in presence of pre-existing cracks. Our primary interest lies on the conditions under which a pre-existing flaw propagates or widens in response to cooling. Wellbore damage caused by thermal stress depends on a number of key factors including injection and formation temperature; state of stress of the formation; and thermal and mechanical properties of the well barrier materials. In this work, we have systematically investigated the role of cement properties, in-situ stress state, and injection temperature on thermally induced expansion and contraction of a well section. This understanding can aid in designing safe operations to minimize the risk of wellbore damage during the injection of CO 2 . We study the parameters that influence the stress distribution during thermal loading or unloading operations, how likely the thermally induced stresses will propagate an existing fracture, and how to minimize these fracture activations. Our analysis shows that over a critical value of effective in-situ horizontal stress it is possible to safely inject CO 2 at a very low temperature without further damaging the wellbore.
Numerical modeling
In this section we describe how we model the evolution of thermoelastic stresses and heat transfer around the wellbore when CO 2 is injected. We consider conditions in non-perforated casing above the injection zone. We neglect any convective heat transfer process as conduction is the dominant mode of heat transfer in this zone. We assume that the temperature of CO 2 has reached a quasi-steady state compared to the heat transfer process within the wellbore materials. Furthermore, we assume that there is no change in the CO 2 temperature along the wellbore length and specify a constant injection temperature at the wellbore wall. Previous studies by Luo and Bryant (2011) demonstrated that below a critical depth the CO 2 temperature gradient approaches the geothermal gradient, essentially producing a constant ΔT = T o − T inj , where T o and T inj are the formation temperature and injection temperature respectively. This further justifies our assumption of using a constant injection temperature T inj for a fixed formation temperature T o . Under these assumptions, the thermoelastic deformation in wellbore materials can be modeled by coupling two physical processes: (i) equilibrium of stress and (ii) heat conduction. The equilibrium of stress implies that for a stationary body the sum of all forces acting on it is zero. If the body force is neglected, the equations for stress equilibrium can be expressed in the following form
where σ ij denotes the components of the stress tensor, which consists of the material stress (σ M ij ) and the thermal stress (σ T ij ). σ M ij and σ T ij represent the change from the initial stress state due to external loading and temperature change, respectively. For linear elastic deformations, the material stress can be expressed in terms of the strain tensor (ε ij ) by using Hooke's law for an isotropic material (Landau and Lifshitz, 1986; Fjar et al., 2008 ):
where ε vol is the volumetric strain or relative change in material volume, which is identical to the trace of the strain tensor, i.e. ε vol = ε ii = ε 11 + ε 22 + ε 33 . E is the modulus of elasticity, ν is the Poisson's ratio and δ ij is the Kronecker delta. Similarly, thermal stress can be expressed in terms of thermal strain resulting from the change in temperature in the following way:
where α T is the linear coefficient of thermal expansion, and T 0 is the temperature of the material at undeformed condition. Heat conduction through the materials is governed by the Fourier law, which can be expressed as
where ρ, C p , and k are the density, specific heat capacity and thermal conductivity of the material, respectively. The governing equations of linear elastic stress model coupled with conduction heat transfer model were numerically solved using the LLNL-GEOS code, a massively parallel, multi-physics, multi-scale simulator (Settgast et al., 2012 (Settgast et al., , 2017 . A finite element method was used to solve the linear elastic stress equations (Eqs. (1-4)) whereas the heat conduction equation (Eq. (5)) was solved by a finite volume method. The solvers are able to handle different thermal and material properties in different regions. This is essential for accurate estimation of the thermal stress in the casing, cement, and rock regions.
We use a finite element framework to model the solid deformation and fractures in our model. At the location of a fracture, we duplicate the topological entities associated with the finite element mesh such as the finite element nodes, faces, and edges. Aperture is defined as the difference in the displacement values between two initially spatially coincident faces on the fracture. At the nodal locations, this is just a difference in the values of displacement on the nodes on either side of the fracture. At any intermediate location on the face that do not correspond with the nodes, this is a difference in the value of the interpolated displacement field on either side of the fracture. Initial value of the aperture is assumed to be zero.
To evaluate whether the pre-existing fracture would further open up, we calculate the stress intensity factor (SIF) in our simulations. The stress intensity factor (SIF) calculations follow the Virtual Crack Closure Technique (see Raju (1987) , Krueger (2004) ). The idea behind the approach is that the energy required to extend the crack surface by a small length from a to a + Δ is the same as the energy required to close the crack tip from a + Δ to a. The fracture energy release rate is given by the following expression:
where A is the area of the newly generated fracture surface, f closure is the closure force at the crack tip, w t is the crack opening at the node trailing the crack tip, and (°) denotes the entrywise product (Hadamard product). G is a vector with components G I , G II , G III where the directions I, II, III refers to the directions of crack opening, crack sliding and crack tearing, respectively. The stress intensity factor for each mode can be estimated using the corresponding component of G. For example, the 2 The tensor notation and Einstein summation rule have been used here.
Einstein summation rule states that repeated indices are implicitly summed
. P. Roy et al. International Journal of Greenhouse Gas Control 77 (2018) 14-26 stress intensity factor for mode 1 failure is calculated by using the following formula:
A detailed discussion on the method is provided in Settgast et al. (2017) . The sliding contact and crack propagation techniques used in GEOS can be found in Annavarapu et al. (2015) and Annavarapu et al. (2016) .
Wellbore model
In this paper, the geometry of the near-wellbore region is modeled as three concentric rings of casing, cement, and rock (Fig. 1 ). The wellbore model has an inner radius of 0.1 m, steel thickness of 0.02 m, cement thickness of 0.04 m, and an outer radius of 2.0 m. The total length of the wellbore section is 10 m. The model dimensions, thermoelastic and other material properties used in the simulations are listed in Table 1 . A grid resolution of 75 × 36 × 80 is used in radial, azimuthal and longitudinal directions, respectively. The grid independence of simulations conducted at this resolution is demonstrated in Appendix A.
The temperature at the inner surface (wellbore wall) was either held constant or increased/decreased as a constant rate. A zero heat flux (i.e. insulated) boundary condition is applied at the outer radius. For this study, the initial temperature of the well and host rock was set to 70°C at the beginning of each simulation. Then, the temperature at the inner radius of the casing was increased or decreased instantaneously or at a specific heating/cooling rate, depending on the nature of the numerical test. The following assumptions are made:
(i) The materials can expand along all axes.
(ii) The casing/cement and cement/rock interfaces are perfectly bonded with no sliding or detachment unless the pre-existing fracture is at the interface. (iii) Curing does not alter the internal stress state of cement. (iv) The pore pressure (P p ) is equal to the pressure at the inner wellbore wall or the fluid pressure. The effective stress (σ eff ) is related to the total stress (σ) and pore pressure (P p ) by the following relationship:
ij , where δ ij is the Kronecker delta. Hereafter, we drop the subscript from σ eff and denote the effective stress by σ only. (v) The horizontal effective stresses (σ ro ) are assumed to be isotropic.
Unless otherwise specified σ ro = 0. (vi) A nominal effective vertical stress of = σ 5 v MPa was used, which corresponds to a depth of 500 m. The sensitivity of stress intensity factors and aperture values due to the variation in vertical stress was found negligible between 0 to 1000 m depth. (vii) A zero effective horizontal in-situ stress is considered as a reference case. Although in reality in-situ horizontal stresses are Table 1 Dimensions and thermoelastic properties employed in the simulations (values taken from Thiercelin et al., 1998; Aursand et al., 2017; Wang et al., 2012; Sellevold and Bjøntegaard, Ø., 2006; ThyssenKrupp Materials International, 2015) ). always present, we have chosen this case as a reference to show the importance of in-situ horizontal stresses. (viii) The initial stress state of wellbore is stress-free in all directions, i.e. the effective stresses are zero (σ r = σ θ = σ z = 0). (ix) The model does not account for fracture propagation; it only predicts the stress state assuming the fracture remains static.
We consider a single pre-existing concentric fracture in the cement region with a finite length and azimuthal extent (Fig. 2) . The fracture was located at a radius of 0.15 m from the center of the wellbore. Unless otherwise specified, the vertical extent of the fracture was fixed at 0.625 m, which is 6.25% of the total length of the computational domain and the injection temperature was taken as 15°C. It was assumed that the fracture is filled with water, and thermophysical properties of water were used in the heat conduction model for the fracture region. Fig. 3 presents the radial stress distribution around a fracture with an azimuthal extent of 16.6% for zero effective confinement stress and an injection temperature of 15°C. We use the convention that compressive stresses are negative and tensile stresses positive. Initially, the system has zero stress before the drop in temperature. Once the casing is cooled down by applying the injection temperature, the system experiences tensile stresses due to contraction of the casing. The maximum tensile stress is concentrated on the fracture edges near the crack tips. As demonstrated in Fig. 3 , the radial stress (σ r ) peaks inside the cement at values of 2 times higher than the rest of the cement. Near the cementcasing interface, the stresses are about 1.5 times higher. Also, strong variation of σ r along the cement periphery occurs with the increase in azimuthal extent of the fracture (not shown here). We use the stress intensity factor with mode I or tensile failure (SIF-I) to quantify the stress state near the crack tip. If the SIF-I exceeds the fracture toughness of the material, failure is likely to occur and the fracture is likely to grow (Kuna, 2013) . The tangential stress will dictate the stress intensity factor for mode II failure (SIF-II). From our previous studies we have observed that the tangential or azimuthal stress can be significant for heating problems. In our study, the dominant stress is in the radial direction, which is also perpendicular to the direction of the crack plane. For this reason, our analysis is based on the tensile failure mode (SIF-I) and shear failure mode is neglected as SIF-II values are very low.
Results
Key parameters that affect the stress distribution and maximum aperture can be broadly divided into two categories: (i) downhole conditions and (ii) thermal and mechanical properties. The injection temperature, and the effective in-situ horizontal stress are the primary downhole conditions that influence the stress state near the wellbore. The thermo-mechanical properties include the thermal conductivity, thermal expansion coefficient and elastic modulus of cement. We will study the effect of parameters from each of these categories. In addition, we will study the influence of azimuthal extent of a single preexisting fracture. These controlling parameters are systematically varied to reveal what conditions cause the SIF-I to exceed the fracture toughness and how the maximum apertures vary for a given temperature range. During the variation of one controlling parameter, other parameters are kept constant. The baseline or reference case, which defines these constant parameter values, is highlighted by a solid maroon line in all figures, and tabulated in Table 2 . We have considered zero effective horizontal in-situ stress as a baseline or reference case. However, it should be noted that in reality, in-situ horizontal stresses are always present around the wellbore. The baseline case was used as a reference point for analyzing the effects of in-situ horizontal stresses during thermal loading or unloading operations.
Our study spans an injection temperature range between −15°C to 20°C. We chose this range to capture the most realistic operating conditions and to explore the possibility of injection at sub-zero temperature for ship transportation. The lower limit of the temperature range was chosen considering the fact that the freezing point of brine is approximately −21°C. According to the industry practice, the injection temperature usually varies between 4°C and 30°C to keep CO 2 in a liquid state, 3 and Fig. 3 . An example of radial stress distribution around a single pre-existing fracture due to the cooling of the casing: (a) sliced view of the wellbore, (b) closeup view around the fracture. The cross-sectional snapshots are taken after 30 min of CO 2 injection at 15°C. The initial temperature of the surrounding formation is 70°C. The black arc segment denotes the fracture cross section which is located inside the cement. The azimuthal extent of the fracture is 16.6%. The axes units are in meters. The colorbar denotes the stresses in Pa. P. Roy et al. International Journal of Greenhouse Gas Control 77 (2018) 14-26 avoid excessive costs of heating. Injecting liquid CO 2 is energetically more efficient than its supercritical gaseous counterpart because higher density of liquid CO 2 enables it to flow down the wellbore easily due to gravity and requires much less compression energy (Vilarrasa et al., 2013; Vilarrasa and Rutqvist, 2017) . Our numerical experiments consider both instantaneous cooling of the wellbore with a constant injection temperature and thermal cycling operations at a constant cooling/heating rate. In the following sections we investigate the feasibility of injecting liquid CO 2 at low temperatures without initiating fracture instability inside cement or formation.
Effect of injection temperature and effective in-situ horizontal stress
When the temperature of the inner periphery of the casing is suddenly subjected to an injection temperature, the SIF and aperture are maximum due to the initial thermal shock. As heat is transferred through the wellbore materials, the system goes into thermal equilibrium resulting in a gradual drop of SIF and aperture values with time. Fig. 4(a,b) shows how the maximum apertures and stress intensity factors (SIF-I) of a pre-existing fracture vary with time for injection temperatures spanning from −15°C to 20°C. Once the injection starts, the casing is cooled almost instantaneously due to its high thermal conductivity. The thermal contraction of casing during the cooling is resisted by the surrounding cement and rock. Consequently, high stress intensity is experienced around the fracture inside the cement. During the initial stage of the injection, the thermal shock results in a steep rise in maximum aperture and stress intensity factors (SIF-I). After the initial thermal perturbation, the heat is transferred through wellbore materials and the rate of heat exchange between the cold CO 2 and the warm reservoir decreases. As a result, we observe a gradual decrease in aperture and SIF-I values over 20 days. For the studied temperature range, the maximum aperture values varied between 90 μm and 160 μm. (Zhu and Xu, 2007; Kosior-Kazberuk, 2016) .
If the formation temperature is fixed, the thermal stress is directly proportional to the injection temperature, resulting in a parallel shift of the aperture and SIF-I curves with decreasing injection temperatures, as observed in Fig. 4(a and b) . Fig. 4c presents the maximum SIF-I over the time as a function of injection temperature. For the reasons stated above, the maximum SIF-I varies linearly with injection temperature. The SIF-I curves are all above 1 MPa m 1 2 in the absence of any effective in-situ horizontal stress, and the fracture in the cement will almost certainly grow even when the injection temperature equals 20°C (ΔT = 50°C). Moreover, the colder the injection temperature, the greater the probability of fracture growth and the larger the fracture apertures.
Effective in-situ horizontal stress acting on the well has the potential to prevent fracture growth in the wellbore materials. To study its effect, we varied the effective in-situ horizontal stress (σ ro ) from 0 MPa to 10 MPa at injection temperatures of 15°C and −15°C (Fig. 5) . For injection temperature of 15°C, the SIF-I was as high as 3 MPa m 1 2 when no effective in-situ horizontal stress was applied. Increasing the effective in-situ horizontal stress to 5 MPa reduced the SIF-I to 1 MPa m 1 2 , which is close to the fracture toughness of cement. Further increase in effective in-situ horizontal stress (7.5 MPa and 10 MPa) resulted in zero SIF-I values, indicating a very low probability of fracture growth. Fig. 5b shows a similar trends of effective in-situ horizontal stress for an injection temperature of −15°C. In this case, a minimum of 10 MPa effective in-situ horizontal stress is required to ensure zero fracture growth suggesting that fracture growth would be quite likely at these very low injection temperatures. In these conditions, a non-zero effective in-situ horizontal stress is essential to avoid the activation of preexisting fractures. 
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Effect of thermal cycling
In the previous section, we have demonstrated that without effective in-situ horizontal stress even a small thermal perturbation can induce sufficient stress to activate the defects in the wellbore. These numerical experiments were conducted assuming a constant injection temperature over time. However, during the shut-down or well servicing period, the well temperature will rise to the formation temperature. To understand the thermal loading and unloading situations, we simulated several thermal cycling tests for an injection temperature of −5°C, assuming a formation temperature of 70°C. As shown in Fig. 6 , these thermal cycling tests consist of 2 days of injection at constant injection temperature, followed by a rise of well temperature to the formation temperature within 2 days (heating rate ∼1.56°C/h), followed by 2 days of constant formation temperature, followed by a fall of temperature to the injection temperature in 2 days (cooling rate ∼1.56°C/h), and so on. Note that, the injection temperature is applied instantaneously at the beginning of the cycling test, whereas the injection temperature is ramped down at a constant cooling rate during the second half of the cycle. Several things can be inferred from Fig. 6 . First, in absence of effective in-situ horizontal stress, SIF-I values are most likely to exceed the critical fracture toughness during the continuous injection of CO 2 . Once the injection is stopped, the well temperature starts to rise and the stress intensity factor falls below the critical fracture toughness or becomes zero within a short period. Second, the peak SIF-I values are lower for gradual cooling than the instantaneous cooling as the thermal equilibrium relaxes the stress during gradual cooling. It implies that the instantaneous cooling or thermal shock during the injection poses a greater risk of fracture than gradually cooling the well at a constant rate. This observation is consistent with our previous study on thermal stress using a smaller wellbore model (Roy et al., 2016) . Third, an increase in effective in-situ horizontal stress reduces the risk of fracture, which conforms with our previous discussion on the role of effective in-situ horizontal stress.
Effect of thermo-mechanical properties, fracture azimuthal extent and radial position
The thermal stresses in wellbore materials depend on the thermomechanical properties of the material, the azimuthal extent and radial position of the fracture in addition to injection temperature and effective in-situ horizontal stress. In this section, we consider how the aperture and stress states are affected by the variation of thermal conductivity, thermal expansion coefficient and modulus of elasticity of cement. We also study how the variation of azimuthal extent and radial position of the fracture affects the stress intensity factors around the fracture. We choose 15°C and −15°C as the representative injection temperatures. The former is usually used in low pressure CO 2 injection wells and the latter one represents an extreme condition that may correspond to the injection temperature during ship transportation.
Thermal conductivity is one of the controlling parameters that dictate how much heat is transferred through the wellbore materials for a given thermal disturbance. For our parameter study, thermal conductivity of cement was varied between 0.29-1.8 W/(m K). The thermal conductivity of the interstitial fluid was assumed to be 0.6 W/(m K), equal to that of water. Fig. 7 shows the variation of maximum aperture and SIF-I with time for the above mentioned range of thermal conductivities and an injection temperature of 15°C. At early times in the simulation, larger apertures (∼100 μm) were observed for cases with high thermal conductivity. However, a high thermal conductivity also means higher rate of heat transfer allowing the system to approach the thermal equilibrium more quickly. As a result, the aperture decreases at a faster rate. The maximum aperture varied between 97 μm to 102 μm, which is a narrow range compared to the range of thermal conductivities considered. The SIF-I values varied between 2.8 to 3.4 MPa m 1/2 indicating that SIF-I is also weakly dependent upon the thermal conductivity of cement.
The maximum aperture and SIF-I exhibit similar monotonic variations with time for all thermo-mechanical properties of cement. In the interest of space, these results are placed in Appendix B and will not be discussed here in detail. For each parameter, we can find the maximum value of SIF-I over time during the whole injection period and plot them as a function of the corresponding parameter. The rest of this section discusses these effects showing how the maximum SIF-I over the injection period varies as a function of thermo-mechanical properties. As was seen in Fig. 7, Fig. 8a shows that the cement thermal conductivity does not significantly influence the maximum SIF-I.
The coefficient of thermal expansion (α T ) quantifies how much a material will contract or expand with the change in temperature. For rock and cement, the thermal expansion coefficient is determined using the weighted average of the constituent values. As thermal expansion coefficient of quartz is much higher than the other common rockforming minerals, the weighted value of thermal expansion coefficient for rock is a strong function of silica content (Zoback, 2010) . Similarly, thermal expansion coefficient for the Portland cement strongly depends on the saturated cement paste content and the moisture content. In this study, the cement thermal expansion coefficient was varied between 6.0 × 10 −6 and 2.0 × 10
. The lower bound represents the thermal expansion coefficient of regular cement after setting whereas the upper bound represents the thermal expansion coefficient of a cement with high moisture content before setting (Sellevold and Bjøntegaard, Ø., 2006) . We observe that the maximum SIF-I is far more sensitive to the choice of cement thermal expansion coefficient than cement thermal conductivity (Figs. 8b and B.13) . A variation of about 2 MPa m 1 2 in maximum SIF-I was observed for an injection temperature of 15°C. For an injection temperature of -15°C, this variation is even larger (> 3 MPa m 1/2 ). For both injection temperatures, the maximum SIF-I varies linearly as a function of thermal expansion coefficient, which is consistent with Eq. (4). In fact, it is this predictable linear dependence that guarantees that its influence on SIF-I will be significant.
As the thermal stress is directly proportional to the elastic modulus of the material, the stresses are affected by the change in elastic modulus. The variation of maximum SIF-I with time for different elastic moduli exhibits similar trends as injection temperature and effective stress. However, the maximum aperture shows an opposite trend i.e. it increases with decrease in cement elastic modulus (see Figs. 8c and B.14). Although increasing the elastic modulus will increase the thermal stress, it will also result in smaller strains for the same applied stress. As the elastic modulus appears in both Eqs. (3) and (4), the interactions among the total stress, cement modulus and displacement are competing, which may result in the observed trends shown here.
A large reduction in SIF-I can be achieved by reducing the cement elastic modulus, as shown in Fig. 8c . For injection temperature of 15°C, and −15°C the maximum SIF-I was reduced by more than 50% (from Fig. 7 . Effect of cement thermal conductivity on (a) maximum aperture and (b) maximum SIF-I. , respectively). A similar conclusion was achieved by Thiercelin et al. (1998) who studied the cement mechanical response and showed that thermal stress generation can be minimized by using a lower Young's modulus cement. To reduce the risk of interfacial debonding and cement failure, several researchers proposed using soft or flexible cement formulations with low or varying cement elastic moduli (Boukhelifa et al., 2004; DeBruijn et al., 2009; Lavrov and Torsaeter, 2016; Lavrov, 2017) . By comparing soft cement (very low elastic modulus of 1 GPa) with regular cement (elastic modulus of 10 GPa), Aursand et al. (2017) showed that radial stress and axial stress can be reduced by 5 and 2 times, respectively. Our observed dependence of maximum SIF-I on cement modulus confirms these findings indicating that the low cement elastic modulus can minimize the risk of tensile failure and debonding provided that sufficient compressive in-situ horizontal stress is present. However, as pointed out by Lavrov (2017) , this result may also be an artifact of placing a soft cement adjacent to a stiff rock with relatively high elastic modulus. Although choosing a soft cement in conjunction with stiff rock can be beneficial for preventing the cement sheath failure, the apertures of pre-existing fractures can increase when cement elastic modulus is decreased.
The stress state around the fracture will also depend on the azimuthal extent of the fracture. To study this dependence, the azimuthal extent of the pre-existing fracture was varied between 8.3-50% of the total circumference, which corresponds to 0.078-0.471 m. The simulations indicated that maximum aperture varied between 50 μm to 170 μm and the SIF-I values varied between 2.0 to 3.6 MPa m 1/2 as we varied the fracture dimensions (see Fig. B .15). Unlike injection temperature and thermo-mechanical properties, the aperture and SIF-I values showed a non-linear and non-monotonic behavior with the azimuthal extent (Fig. 8d) . The aperture and SIF-I first increases with the azimuthal extent and then saturates after a certain threshold of azimuthal extent is crossed. In our study, SIF-I saturates after θ extent = 33.3% is reached. Here, θ extent = 33.3% corresponds to a fracture width of 0.314 m, which is approximately half of the length of the fracture. In practical situations, the length of the pre-existing cracks, that are hydraulically connected, will be much longer than the crack width. We also performed case studies with varying fracture length while keeping the fracture width and other parameters constant. The variation of fracture length did not result in any significant change in the stress state implying that fracture length values considered for this study are saturated. In all these simulations the radial position of the fracture was fixed at r = 0.15 m, which is located inside the cement. But cooling induced tensile failure may occur in other locations, especially at the cementcasing or cement-rock interfaces as the interfacial strength is often smaller than the material strength. To assess this situation we have varied the radial position of the pre-existing fracture between the cement-casing interface (r = 0.12 m) and the cement-rock interface (r = 0.16 m). Fig. 9 presents the maximum stress intensity factor (SIF-I) and aperture as a function of radial distance. SIF-I of the fracture located at the cement-casing interface is almost twice as high as the SIF-I of fractures at other radial locations. The maximum aperture, on the other hand, is highest at the cement-rock interface and varies between 30 μm to 50 μm. ). The fracture at the cement-rock interface produces slightly lower SIF-I than that of the fractures inside the cement. This implies that microannuli present at the cement-casing interface can be subjected to much higher stress concentration than micro-cracks present in other parts of the cement. The stress intensity factor depends not only on the tensile stress but also on the elastic moduli of the materials (Eq. (7)). As steel has a much higher elastic modulus than cement, the SIF-I value is highest at the cement-casing interface. Thus, during cooling operations, any micro-annulus or crack at the cement-casing interface is more prone to failure than pre-existing cracks inside the cement.
Implications to CO 2 storage
Our parametric analysis suggests that in absence of any effective insitu horizontal stress, temperature perturbations during the injection will induce sufficient thermal stress and cause any pre-existing fracture to grow. A non-zero effective in-situ horizontal stress is required to prevent the growth of fractures. We can use these results to generate a map that suggests the downhole and operational conditions required to minimize the growth of damage zones within the wells. The driving mechanism for fracture growth under thermal perturbations is not the absolute value of the injection temperature, rather the difference between the formation temperature and injection temperature (ΔT = T o − T inj ). Armed with some understanding of the formation temperature and downhole effective in-situ horizontal stress, we can define a minimum injection temperature for safe operations (equivalent to finding an upper bound for ΔT). ). For any combination of effective in-situ horizontal stress and injection temperature in this region, there is a high probability of growing the pre-existing fracture. The yellow zone represents an intermediate risk failure zone where depending on the fracture toughness of cement the pre-existing fracture may or may not grow for a given injection temperature and formation temperature.
These results do not apply to a well without any damage or preexisting fractures. However, wells that have been abandoned for decades are very likely to have damage and for those wells such a map can provide an understanding of the risk of increasing damage. In this respect, the risk map shown in Fig. 10 has some deeper implications for CO 2 injection. First, a lower ΔT or higher injection temperature results in lower risk. However, lower ΔT also means that the transported CO 2 should be heated as close to the formation temperature as possible to avoid any kind of failure risk, which may be very expensive and in some cases impossible. Secondly, the map emphasizes the importance of correctly estimating the stress state at downhole conditions. The map shows that it is possible to safely inject CO 2 even at −15°C (ΔT = 85°C) if the effective in-situ horizontal stress is more than 10 MPa. For safe injection of CO 2 at 5-15°C, the required minimum effective in-situ horizontal stress reduces to 6-8 MPa. This can dramatically reduce the heating cost of CO 2 , especially for ship transportation where the CO 2 is stored at a very low temperature in shipping containers (∼−50°C), and for offshore pipe transport where the CO 2 is stored at a 6-7°C. For onshore transport it implies that the CO 2 can be injected below the supercritical temperature, in a liquid state with a minimum effective in-situ horizontal stress of 5 MPa. Apart from lowering the heating cost, liquid CO 2 has the added advantage of making the injection energetically more efficient. To summarize, a proper choice of the stress state and formation temperature may enable lower injection temperatures while avoiding wellbore damage resulting in a lower operating cost.
The risk map shown by the solid lines in Fig. 10 assumes that the crack is located inside the cement sheath. As shown in Fig. 9 , placing the pre-existing crack at the cement-casing interface can dramatically increase the SIF-I value. As a result, the yellow zone will be moved upwards and this shift is denoted by the dashed lines in Fig. 10 . Interestingly, when the injection temperature is close to the formation temperature (ΔT ≤ 30°C), the shifting in risk zones are negligible. For ΔT = 40-85°C, the intermediate risk zones move upwards by about 20-30%. These risk zones are also highly dependent on the azimuthal extent of the fracture. For example, it was observed from our simulations (not shown here) that for a pre-existing crack located at the cement-casing interface, decreasing the fracture azimuthal extent from 16.6% to 8.3% moves the dashed lines back to the original position of the solid lines in Fig. 10 , which represents a pre-existing crack inside the cement with an azimuthal extent of 16.6%. Similarly, incerasing the azimuthal extent of the fracture up to 30% will shift the intermediate risk zone upward. Further increase in azimuthal extent has negligible effect on the SIF-I and the risk zones remain unaltered.
Changing the cement's thermo-physical properties shifts the risk zones in accordance with the trends shown in the previous section (Section 3). For example, increasing the cement's thermal conductivity will result in a slight upward shift of the yellow zone, meaning a small increase in the area of high risk failure zone. However, high thermal conductivities will help the system to approach the thermal equilibrium quickly by increasing the heat transfer along the wellbore materials and thereby closing down any pre-existing fractures. This observation is consistent with the previous findings by Lavrov et al. (2015) and Torsaeter et al. (2017) who experimentally showed that a high thermal conductivity is beneficial for preventing tensile cracks in cement. Thermal expansion coefficient has a larger effect on the overall stress state around the fracture. A relatively small increase in thermal expansion coefficient is expected to result in a large increase in the propensity for fracture propagation. For example, increasing the thermal expansion coefficient from 6 × 10 −6 K −1 to 2.0 × 10 −5 K −1 can shift the yellow zone upwards by ∼20% for injection temperatures ranging between 15°C and −15°C, requiring higher effective in-situ horizontal stress to limit the damage. This suggests that a low cement thermal expansion coefficient may greatly reduce the risk of failure. The effects of cement elastic modulus on failure zones is more complex. As discussed in the previous section, the competing interactions among the elastic modulus, total stress and displacement can result in an increase in aperture of pre-existing fractures with decreasing cement elastic modulus. These factors should be considered when selecting a soft cement to act as barrier material.
The maximum apertures for all cases studied here are in the order of 100 μm. These aperture values decrease with time and will have a residual aperture once the system reaches the thermal equilibrium. This is because even after reaching the thermal equilibrium, the final temperature of the materials around the fracture will be higher than the temperature of the undeformed state. These small fractures are likely to be sealed due to geochemical interactions between the brine and cement Carroll et al., 2017) . However, it should be noted that, in absence of sufficient effective in-situ horizontal stress, the fracture may propagate and fracture apertures may increase beyond hundreds of micrometers for which even chemical healing will not be sufficient to prevent the fracture growth.
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Appendix A. Grid independence study
A grid independence study was conducted to ensure that the grid size resolution used for the parametric studies produced consistent results. The mesh size was varied in the radial (N r ), azimuthal (N θ ) and longitudinal (N z ) directions. To explore mesh dependence on N θ and N z , a wellbore with a single fracture (fracture length = 0.375 m) was subjected to an injection temperature of 15°C at t = 0 s. The temperature at the wellbore wall was gradually increased to the formation temperature (10°C) in 10 days, and then the formation temperature was maintained through the rest of the simulation. The blue dashed line denotes the variation of temperature with time in Fig. A.11 . The black lines present the variation of maximum aperture with time for different grid sizes. Due to the initial thermal shock during the injection, the aperture jumps to a finite value and reaches a maximum after which it gradually decreases as the thermal equilibrium is reached. Through repeated simulations, it was determined that N θ = 36 and N z = 80 were sufficient to achieve grid independence. The grid dependence for radial direction was tested on a case where a constant injection temperature of 15°C was applied for 5 days. Simulations were performed at grid sizes (N r ) of 40, 75, and 150. Fig. A .12 presents the effect of grid size in radial direction on the stress intensity factor (SIF-I). From these results, we can conclude that N r = 75 is sufficient to produce grid indenpdent results.
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